The effects of temperature (323-353 K) and the molar ratio of the reagents methanol/isoamylenes (0.3-3.0) on the formation rates of tert-amyl methyl ether (TAME) were measured with different Amberlyst 16 (A16) particle sizes in a continuous stirred tank reactor. The effect of catalyst swelling was studied with several mixtures of reagents (MeOH and IA) and product (TAME) on Amberlyst 16. The particle size influenced the steady state reaction rates most notably at higher temperatures and with substoichiometric feed of the reagents (methanol/isoamylenes), i.e. when the reaction rate should be fast. The estimated effectiveness factors (0.5-1.0) decreased with increasing particle size and increasing temperature. At nonstoichiometric feed ratios of the reagents the value of the estimated effectiveness factor decreased more when methanol was fed in excess. Recalculations of the earlier results of TAME-synthesis demonstrated that when modifying the rate constants obtained from the batch reactor experiments by dividing them by the effectiveness factors, the R-squared values of the regression analysis against temperature increased (improved fit for Arrhenius-type dependency) and the activation energies increased by about 9 kJ mol −1 .
Introduction
The reformulated gasoline component TAME (tert-amyl methyl ether, 2-methoxy-2-methylbutane) is commercially manufactured in liquid phase using strongly acidic macroporous ion-exchange resins as the catalyst. Conventional ion-exchange resins are copolymers of divinylbenzene (DVB) and styrene, sulfonic acid being the active site (Brønsted acidity). Lewis acidity (free electron pairs of oxygen) has also been proposed [1] . The amount of divinylbenzene can vary from 12 to 20 wt.%, and it directly determines High reaction rates were found to result from a high diffusivity of isobutylene within the resin catalyst. Both the high value for diffusivity and its negative temperature coefficient were interpreted to be evidence of the transport mechanism within the resin, this being the surface diffusion of isobutylene in an adsorbed state. Velo et al. [4] studied the hydration of isobutylene with Amberlyst 15 (DVB 20%). Intraparticle diffusivity was found to increase with temperature and decrease with increasing tert-butanol concentration. Apparent values for the tortuosity factor changed from 1.3 (at high temperature in pure water) to about 4.5 (at low temperature in TBA-rich solutions). Their calculations were based on the deviations of the group D e µ from the Stokes-Einstein equation relating solvent viscosity and molecular diffusion (Dµ/T = constant). Ihm et al. [5] used two different types of macroreticular resin catalysts in the hydration of isobutylene: Amberlyst XN-1010 (DVB 85%) and Amberlyst 15. The diffusion-limited reaction was interpreted with a two-phase model in which the internal active sites (inside gel microspheres) were assumed to be more active than the external ones (those on the gel microparticles). Berg and Harris [6] considered the general problem of accounting for multicomponent diffusion effects in liquid-filled heterogeneous catalysts and applied the procedure for MTBE-synthesis. They described the molecular diffusion processes within the catalyst using generalised Maxwell-Stefan (GMS) equations. The resulting species conservation equations were reduced to a single ordinary differential equation through applying invariant solutions, i.e. assuming that the relative changes in the molar fractions of the reacting species are linearly related for a constant product of liquid molar density and of a matrix of modified Fick diffusion coefficients. GMS equations taking the chemical potential gradients as real driving forces were also applied to MTBE-synthesis by Sundmacher and Hoffmann [7] . Recently, a dusty-fluid model (DFM) was applied to the synthesis of ETBE [8] and of MTBE and TAME [9] . DFM incorporates ordinary diffusion and matrix diffusion (Knudsen for gases) accounting for friction between species and porous medium, as well as convection. Pla et al. [10] estimated effectiveness factors theoretically for the synthesis of MTBE in the liquid-phase. At the usual operation conditions in industrial reactors, effectiveness factor ranging from 0.7 to 1.0 were found. In this study, we present the results of TAME-synthesis with different particle size fractions of Amberlyst 16 as the catalyst. Practical calculations of the effectiveness factors are presented and earlier results of TAME-synthesis with unsieved Amberlyst 16 as the catalyst [11, 12] are recalculated to demonstrate that mass-transfer effects also have to be taken into account in TAME-synthesis, even though the reaction rate is an order of magnitude slower than that of MTBE-synthesis [9] .
Experimental
The effects of temperature and the molar ratio of the reagents on the formation rates of TAME were measured with different Amberlyst 16 particle sizes. The effect of catalyst swelling was studied with several mixtures of reagents (MeOH and IA) and product (TAME) on Amberlyst 16.
Apparatus
Reaction rates were measured in a continuous stirred tank reactor (CSTR, 55.6 cm 3 , stainless steel), where the reaction mixture was magnetically stirred. The stirrer speed was set to 950 rpm to eliminate the influence of external diffusion control on the reaction rates [13] . The catalyst (0.1856-0.3186 g dry) was placed in a metal gauze basket (60 mesh). The temperature (323-353 K) was controlled within ±0.2 K by immersing the reactor in a thermostatically controlled water bath. The pressure was kept constant at 0.7 MPa to ensure liquid-phase operation at all temperatures. The pulse-free flow rate (58-65 g h −1 ) of the feed was controlled by a liquid mass flow controller. A Mettler PM 6000 balance was used to measure the actual flow at the outlet of the reactor system. The composition of the feed and the reactor effluent were analysed on-line with a gas chromatograph using an automated liquid sampling valve.
Analysis
Products were analysed with a Hewlett-Packard gas chromatograph 5890 Series II, equipped with a flame ionisation detector using a HP 3396A integrator. The compounds were separated in a glass capillary column HP-1 (length 60 m, thickness 1.0 m, column diameter 0.254 mm; Hewlett-Packard). Response factors were determined with calibration solutions.
Chemicals and catalyst
The following reagents were used in the experiments: a mixture of isoamylenes (2M2B 93 wt.%, 2M1B 7 wt.%, Fluka Chemika) and methanol (>99.8 wt.%, Riedel-de Haën). The ether used for the GC calibration solutions was TAME (>98.5 wt.%, supplied by Fortum Ltd.). A commercial macroporous cation ion-exchange resin in hydrogen form, Amberlyst 16, was used as the catalyst. The properties of the catalyst are summarised in Table 1 . Before the experiments, the catalyst was treated with methanol at room temperature to remove the water from the catalyst structure. The catalyst was stored in methanol. 
Swelling experiments with Amberlyst 16
The catalyst was dried in an oven (80 • C) and 3 cm 3 of dried resin was placed into a byrett. The specific mixture was added into the byrett until the swelling was complete and the colour of the catalyst had changed (from dark brown to light brown). The percentage of swelling at room temperature was calculated according to Eq. (1):
Experiments with different A16 particle sizes
The Amberlyst 16 catalyst was sieved as wet into three fractions, in such a way that the catalyst was immersed in methanol, thus being in the swollen state. The obtained size fractions were (I) 0.50-0.59 mm, (II) 0.59-0.71 mm and (III) >0.71 mm of swollen diameter. We did not grind the resins, although this way the particle size range could have been widened. This was because our aim was to study the size range used industrially. The sulfonic acid content of the fractions were measured by titration [14] . The acid capacity values are presented in Table 1 and as observed, they are quite equal. The reaction rates to TAME were measured with three different molar feed ratios of the reagents (methanol/isoamylene) (0.3, 1.0 and 3.0) at three different temperatures (323, 343 and 353 K).
During the experiments, the effects of the molar ratio of the reagents were studied in a random sequence, and in each set of different mixtures the temperature was varied randomly. The catalyst was changed after each set of mixtures. The stability of the catalysts was checked by repeating the experiment at the first temperature after the experiments at the other temperatures had been carried out. The catalyst showed no deactivation. Depending on the temperature intervals, it took about 2-4 h to attain a steady state.
The catalyst weight based reaction rate r obs (mol kg cat −1 s −1 ) to the product TAME was calculated from the measured amounts of TAME (g) in the product stream according to Eq. (2):
In order to calculate the characterising parameters of mass-transfer, the reaction rate to TAME (s −1 ) was also calculated by further dividing Eq. (2) with the acid capacity (mol kg −1 ) of the studied catalyst according to Eq. (3):
Results and discussion

The effect of resin particle size
The results of the steady state reaction rates with different methanol/isoamylene feed ratios and with different particle size fractions are presented in Fig. 1a -c. The figures indicate that particle size influences the reaction rate most notably at higher temperatures and when the alkenes are fed in excess, i.e. when the reaction rate should be fast. The influence of particle size on reaction rates is also noticed in stoichiometric conditions and in a less visible way when methanol is fed in excess. The latter is a consequence of the low reaction rates, so that the rates with different particle sizes are almost indistinguishable. Qualitatively, we can therefore conclude that the diffusion rate of the reagents in the pores of the cation-exchange resin has an influence on the observed reaction rate.
Calculation of the Weisz-Prater criterion
The next step was to assess how severe the intraparticle mass-transfer limitations are. In calculation of the well-known Weisz-Prater criterion, we took into account the "true" radius (R) of the particle. The effective radius was calculated from the swelling experiments. These experiments are presented in Table 2 .
An empirical equation correlating the amounts (wt.%) of the components with the swelling (%) was fitted to these data:
where w i are the weight proportions (%) of the components in the solution. However, it must be pointed out that this equation is a very rough estimate of the experiments presented in Table 2 . The correlation of the equation with the experimental observations is 0.45275 (R 2 ) and six experiments out of nine are predicted more or less satisfactorily with the Eq. (4). This is because the experimental method itself is rather imprecise. Despite this, because there exists no other applicable data either, Eq. (4) will be applied in following Eq. (5). The "true" radius was therefore calculated by where the mean radius is the mean value of fractions: (I) 0.273 mm; (II) 0.325 mm and (III) 0.453 mm (swollen state). We also measured the density of the different particle size fractions by placing catalyst to a byrette filled with methanol and measuring the swollen volume, after which catalyst was dried and weighed. The obtained densities were: (I) 301, (II) 296 and (III) 285 (g dry cat/swollen in methanol cm 3 ). The reason for varying densities is attributed to the measuring method. Smaller particles take less space in a byrette and thus the obtained density is greater. For Weisz-Prater criterion the density of a catalyst particle is needed. Volume of a cube whose side equals the mean diameter of a particle 0.545 mm (fraction I) is 1.9 times the volume of sphere whose mean radius is of 0.273 mm. Based on the results presented above, ρ p can be approximated to be 2 × 300 = 600 kg dm −3 . For the Weisz-Prater criterion an estimate of the effective diffusion coefficient is needed. We chose the Scheibel-method [15] corrected to liquid-phase activities with the Vignes-equation [16] to calculate the bulk liquid diffusion coefficients. The accuracy of the Scheibel-method was found to be ±20% in the study of Li and Carr [17] and they recommend its use over the Wilke-Chang-method if measured diffusion coefficients are not available, as in our case. The Scheibel equation for infinite dilution is:
where A and B denote the solute and solvent, respectively, V the molar volume (cm 3 mol −1 ), µ the viscosity (cP) and T the temperature (K). The molar volumes and the viscosities of the components (at temperature 298.15 K) are presented in Table 3 . The viscosities were extrapolated to the studied temperatures with the equation of Reid et al. [21] :
where µ K is a known value at T K . As already mentioned, the infinite dilution diffusion coefficients were corrected to liquid-phase activities according to the Vignes equation as proposed by Rehfinger and Hoffmann [22] for MTBE:
The liquid-phase activities were calculated with the formerly determined binary interaction parameters of the Wilson method [23] . The Wilson method [20] was chosen because it is particularly suitable for alcohol-hydrocarbon mixtures [21] . Because the studied reaction forms a ternary system (MeOH, isoamylene, TAME), the equation by Kooijman and Taylor [24] was further applied to estimate the diffusion coefficients in the multicomponent mixture:
In this way, we obtained the isoamylene bulk diffusion coefficients in methanol and TAME, or vice-versa the methanol bulk diffusion coefficients in isoamylene and TAME. They were further converted to effective diffusion coefficients by assuming the tortuosity (τ) to be 4 as recommended by Satterfield [25] for ion-exchange resins and knowing the dry state porosity (ε) of Amberlyst 16 to be of 0.25 (measured by the manufacturer) so that the swollen state porosity could be assumed to be about double = 0.5 (on basis of the swelling experiments, Table 2) :
The isoamylene and methanol concentrations were calculated from the measured amounts at the outlet (mol h −1 ) and the estimated densities of the whole mixtures (kg m −3 ). The liquid densities of the product streams were calculated with FLOWBAT by applying the model of Aalto et al. [26] . Although the model was originally developed for hydrocarbon mixtures, the authors tested it against liquid density data for alcohol-hydrocarbon mixtures. The average absolute deviation was found to be less than 5%, a level of accuracy adequate for our purposes since the concentrations are used only for the Weisz-Prater criterion, which is a very rough estimate. This conventional textbook method to unconventional catalyst has also been applied by Yadav and Thathagar [27] in esterification of maleic acid with ethanol over cation-exchange resin catalysts.
Finally the Weisz-Prater criterion, 
states that diffusion does not limit the reaction if the value of Eq. (11) is much less than 1. Fig. 2 shows the results of our calculations under different experimental conditions. The figure indicates that the mass-transfer severely limits the reaction rate at higher temperatures (≥343 K) and under conditions of high methanol concentration. The calculations are presented in Table 4 .
Calculation of the effectiveness factors
The second step was to calculate the Thiele modulus for the experimental runs. In an earlier study [12] , we found out that a Langmuir-Hinshelwood type model described our rate data from batch reactor experiments best:
The Thiele modulus can be calculated from the correlation by Aris [28] for a second-order LangmuirHinshelwood type kinetics:
where,
and 
The activities of the components were calculated with the Wilson method [23] . The equilibrium compositions have been published by Rihko-Struckmann et al. [23] . The temperature dependencies of the equilibrium constants are presented in Eqs. (17) and (18):
The relative adsorption equilibrium constants were calculated from the study by Oktar et al. [29] :
The effective radius (R) and the effective diffusion coefficients were calculated as previously (Eqs. (5), (6)- (10), respectively). Knowing the Thiele modulus we could further estimate the magnitude of the effectiveness factor (η) of the experimental runs from the generalised graphs of Aris [28] .
The graphically estimated values of the effectiveness factor are presented in Table 4 . The value of the effectiveness factor varies between 0.5 and 1. The determined effectiveness factors for rate parameter k 3 are presented in Fig. 3 . The effectiveness factor decreases with increasing particle size and increasing temperature. The decreasing effects of temperature and particle size are more significant with excess alcohol in the feed. 
Combining the reaction and the mass-transfer
In the earlier study [11] , we presented the results of the batch reactor experiments where the effect of temperature (333-353 K) and reagents feed molar ratio (MeOH/IA = 0.2-2.0) on the synthesis of TAME were measured with Amberlyst 16 as catalyst. A kinetic model of Eley-Rideal type was proposed in that paper. Later on we carried out additional experiments at 333 K with pure 2M1B as reagent, varying the reagents initial molar ratio (MeOH/2M1B = 0.2-4.0). The aim was to study the isomerisation reaction more deeply and further kinetic modelling was also carried out. A revised kinetic model of Langmuir-Hinshelwood type was presented in that later paper [12] . However, because unsieved catalyst had been used in most of those experiments, we could not be sure whether our kinetic results were truly Fig. 4 . The estimated values of the rate parameters k 1 () and k 3 (᭺) and their confidence limits (---= ± standard error) at 333 K as a function of reagents (MeOH/IA) initial molar ratio (for experimental, see [11] ).
"intrinsic" or not. We found out that the values of the rate parameters were strongly dependent on the reagents initial molar ratio. In Fig. 4 , the values of the etherification rate parameters obtained with the basic Langmuir-Hinshelwood type model, assuming that the adsorption of alcohol is dominant (Eq. (22)), are presented as a function of feed molar ratio:
Even though the nonideality of the system has been taken into account by calculating the liquid-phase activities of the components with the Wilson method, the rate parameter values are not constant. The confidence values of the parameters are presented in Fig. 4 and neither they explain the variations. Explanation could be mass-transfer effects as shown earlier in this paper.
It is possible to make a simple recalculation from those batch reactor results [11, 12] . The measured rates with unsieved catalyst correspond to measured rates with fraction III of this study, e.g. see Fig. 1b , where the measured reaction rates with unsieved catalyst under stoichiometric conditions (circles) are presented. The effectiveness factors of those earlier batch reactor experiments [11, 12] under different intermediate experimental conditions (feed molar ratio (0.5-2.0) and temperature (333-353 K)) can be interpolated from the results presented in Table 4 . When modifying the rate constants obtained from the batch reactor experiments [11, 12] by dividing them by the effectiveness factors estimated in this study, the R-squared values of the regression analysis against temperature increase (better fit for Arrhenius-type dependency). The activation energies increase by about 9 kJ mol −1 to 82 kJ mol −1 for the etherification of 2M1B and to 95 kJ mol −1 for the etherification of 2M2B. The results of the calculations are presented in Table 5 . Table 5 Recalculation of earlier results [11, 12] Feed MeOH/IA Temperature (K) The above treatment shows that intraparticle diffusion influences the reaction rate in TAME-synthesis, and that a significant improvement for the correlation between the kinetic model and the experiments can be obtained, if effectiveness factors are taken into account.
Comparison of activation energies
The activation energies of rate constant k 3 (Eq. (12)) of the kinetic experiments with the different particle sizes and feed conditions presented in this study are summarised in Table 6 . Table 6 shows that the activation energies with different particle size fractions (100-108 kJ mol −1 ) calculated with the more precise model (Eq. (12)) are higher than the value (95 kJ mol −1 ) obtained from the recalculated batch reactor experiments [11, 12] with the basic model (Eq. (22)). The difference is attributed to the differ- ence between the models. In Eq. (22), the adsorption equilibrium constants are lumped with the rate coefficients k 1 and k 3 and this results in lower apparent activation energies. The comparison of activation energies (Table 6 ) does not indicate strong diffusion limitations. In a recent study by Jin et al. [30] the kinetics of the synthesis of TAME in an internal recycle gradient-less reactor with an ion-exchange resin NKC-9 as a catalyst has been studied. The authors found that the Langmuir-Hinshelwood type model was particularly appropriate and derived activation energies of 96.78 kJ mol −1 for the etherification of 2M1B and 102.4 kJ mol −1 for the etherification of 2M2B. Our activation energies (100-108 kJ mol −1 ) presented in Table 6 are thus in satisfactory agreement with the latter value. However, in conditions of excess alkenes in the feed (MeOH : IA = 1 : 3) the activation energy is lower with larger particles of A16. This is because the reaction rate is faster, so that it becomes diffusion limited in a more visible way. Under other conditions, a similar trend cannot be observed: the activation energy varies randomly due to experimental error.
Conclusions
The mass-transfer of the reacting components inside the pores of the cationic ion-exchange resin Amberlyst 16 was estimated from experiments with different resin particle sizes. The measured steady state reaction rates decreased with increasing particle size most notably at higher temperatures and with substoichiometric feed of the reagents (methanol/isoamylenes), i.e. when the reaction rate should be fast. The estimated effectiveness factors decreased with increasing particle size and increasing temperature. The decreasing effects of temperature and particle size on the effectiveness factors under nonstoichiometric conditions were more significant with excess alcohol in the feed. The batch reactor results of the previous studies were recalculated by dividing the rate constants of the TAME-synthesis by the effectiveness factors obtained from the present study. The recalculations resulted in a better fit and the obtained activation energies increased by about 9 kJ mol −1 , thus being in a more acceptable range of intrinsic values.
